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adsorbent and cyclic adsorption on molecular sieves using either ammonia or
the new Hybrid desorption to cyclically remove the impurities from the sieve.
The chemical adsorbent could be used either by itself or as a final clean-up treatmentl
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of water or hydrogen introduction with the feed found necessary by previous workers
(2). However, the sulfur capacity was no better than obtained in the earlier I

study.

In processing using cyclic adsorption on molecular sieves, ammonia
desorption proved effective over a wide variety of processing requirements.
However, it was not effective processing high disulfide sulfur content feeds. F
The disulfide caused a deposit buildup on the sieve, which rapidly destroyed
adsorption performance. Only removal of disulfides with separate processing
would make the ammonia desorption operable with all feeds. This complication
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is not recommended. Disulfides are generally not found in the fuel types
studied but they do occur in fuels from refineries where older treating
processes are used. Because of this disadvartage, the alternate technique
of Hybrid desorption would be favored.

The new Hybrid desorption is a simultaneous carbon dioxide
displacement and burning with air of the impurities adsorbed on molecular
sieves. Although considerable difficulty was encountered in finding
a molecular sieve stable with the necessary carbon dioxide-water mixture
between 700 and 950°F, Bat2Y has been demonstrated stabie for 417 hours
and is projected to be effective for at least 1000 hours. The necessary
temperature rise of all of the sieve charge when the impurities are
being burned off was achieved using a thin wall adiabatic sieve case.
Successful operation was demonstrated on feeds containing up to the maximum
allowable 4000 ppm sulfur. Sulfur levels of all feeds were reduced
to 50 ppm or below. This low level can be removed with a small quantity
of chemical adsorbent. A unit design for operating 1000 hours with the
maximum allowable sulfur content (4000 ppm) was made using the preferred
combination of molecular sieves with Hybrid desorption followed by a
small quantity of chemical adsorbent. 7The purified tuel yield was a good
92 weight percent and the projected weight about 10 pounds per kilowatt of
fuel cell power. This weight is a substantial improvement compared to 330
pounds per kilowatt required for the same purification using only the chemical
adsorbent of the earlier study (2,9). The Hybrid desorption runs made in
this study were intended to demonstrate the concept. It is felt that
considerable room for optimization and weight reduction remains.
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FOREWORD

These studies were authorized by the U. S. Army Mobility
Equipment Research and Development Center. This work was done under
contract DA-44-009-AMC-1484(T). The DA Project/Task/Work Unit Number
of this work is 1T662705A012 02 Ol6EF. This report covers the work
of the entire contract period 10 January 1966 through 9 November 1968.
The work in the fifth report period - 10 January 1968 through 9 November
1968 - is reported in detail. The entire study was aimed at the develop-
ment cf a process for purifying standard military fuel for use in hydro-
carbon consuming fuel cells.

The authors acknowledge the skilled work of John F, Phillips,
and John J. Mulligan,Senior Research Technicians, in conducting the
experimental programs.
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SUMMARY

The objective of this contract (DA-44-009-AMC-1484[T]) was to
develop a means for sulfur removal from military fuel, such as JP-4, so
the purified fuel could be used in reformer fuel cells. It was preferable
that the purification processing be adaptable to minaturization so that
each fuel cell could have a purifier. Work has centered on processing
with a discardable chemical sulfur adsorbent and cyclic adsorption on
molecular sieves using either ammonia or the new Hybrid desorption to
cyclically remove the impurities from the sieve. The chemical adsorbent
could be used either by itself or as a final clean-up treatment for the
sieve product.

The Esso proprietary chemical adsorbent was operable without
the complication of water or hydrogen introduction with the feed tound
necessary by previous workers (2). However, the sulfur capacity was
no better than obtained in the earlier study.

In processing using cyclic adsorption on molecular sieves,
ammonia desorption proved effective over a wide variety of processing
requirements. However, it was not effective in processing high disulfide
sulfur content feeds. The disulfide caused a deposit buildup on the
sieve, which rapidly destroyed adsorption performance. Only removal
of disulfides with separate processing would make the ammonia desorption
operable with all feeds. This complication is not recommended. Disulfides
are generally not found in the fuel types studied but they do occur in
fuels from refineries where older treating processes are used. Because
of this disadvantage, the alternate technique of hybrid desorption would be
favored.

The new Hybirid desorption is a simultaneous carbon dioxide
displacement and burning with air of the impurities adsorbed on molecular
sieves. Although considerable difficulty was encountered in finding
a molecular sieve stable with the necessary carbon dioxide-water mixture
between 700 and 950°F, Bat2Y has been demonstrated stable for 417 hours
and is projected to be effective for at least 1000 hours. The necessary
temperature rise of all of the sieve charge whea the impurities are being
burned off was achieved using a thin wall, adiabatic sieve case. Successful
operation was .emonstrated on feeds containing up to the maximum allowable
4000 ppm sulfur. Sulfur levels of all feeds were reduced to 50 ppm or
below. This low level can be removed with a small quantity of chemical
adsorbent. A unit design for operating 1000 hours with the maximum allowable
sulfur content (4000 ppm) was made using the preferred combination of
molecular sieves with hybrid desorption followed by a small chemical
adsorbent. The purified fuel yield was a high 92 weight percent of the
total fuel. The purifier projected weight was about 10 pounds per kilowatt
of fuel cell power. This weight is a substantial improvement compared to
330 pounds per kilowatt required for the same degree of purification using
only the chemical adsorbent of the earlier study (2,9). The hybrid desorp-
tion runs made in this study were intended to demonstrate the concept. It
is felt that considerable room for optimization and weight reduction remains.
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FUEL CELL FUEL PURIFICATION

1. Introduction

The objective of this contract was to purify military fuels
(such as JP-4 fuel) for use in fuel cells. Initially the purification
was to be done for direct hydrocarbon fuel cells in preference to indirect,
reforming fuel cells. It is highly desirable that the purifying processes
for either type of fuel cell be adaptable to miniaturization. This
would be essential if each fuel cell were to have a fuel purifying unit
attached. Purifying for the direct hydrocarbon fuel cell is a difficult
task as many things have to be removed. Aromatics, naphthenes, olefins,
and sulfur compounds have all been found to decrease the performance
of gsome direct hydrocarbon fuel cells. Purification would probably require
three processes; catalytic dehydrogenation of naphthenes to aromatics,
cyclic molecular sieve adsorption to remove the aromatics and most of the
sulfur, and a final chemical adsorbent for removing a small quantityof
sulfur in the adsorption effluent. In contrast, purification for
a reformer fuel cell is simpler as only the sulfur compounds have to be
removed. This would probably require onlv (- . processes; a cyclic
molecular sieve adsorption followed by a tinal chemical adsorbent.

The Energy Conversion Research Division of U.S. Army Mobility
Equipment Research and Development Center, Fort Belvior, Virginia monitored
the progress of this program as well as the competitive position of the
direct hydrocarbon fuel cell vs. the reforming fuel cell. After this pro-
gram was initiated, the performance of the reforming fuel cell improved
to a level better than the Jdirect hyarocarbon fuel cell. This combined
with the necessary 60 to 75 percent yield loss on removal of the naphthene
and aromatics (1) for the direct hydrocarbon fuel cell lead The Energy
Conversion Research Division to change the objective of this study to
purification for reforming fuel cells. Therefore, work in the later
portion of this contract has been directed at sulfur removal.

Cyclic adsorption on molecular sieves is the key process used
in this study. Single adsorptions on chemical adsorbents followed by
discarding the adsorbent have been demonstrated in another study (2). The
advantage of molecular sieve processing is that the adsorbent is cyclically
reused after each desorption. As the adsorption and desorption steps are
typically short (10 to 30 minuies each) the molecular sieve would be used
many times in 1000 hours of operation. Thus, even with a lower sulfur
loading for each adsorption, much less adsorbent is required. This
reduction in the weight of adsorbent required in comparison to single
adsorption on a chemical adsorbent is the primary advantage of cyclic
adsorption. The demonstrated chemical adsorbent (2) handling the
military fuel with the maximum allowed sulfur content (0.4 weight percent)
for 1000 hours would require 330 pounds ot chemical adsorbent per kilowatt
of power. Thus, the potential for weight reduction is large. .
Although the substitution of a cyclic molecular sieve process
for the single step chemical adsorbent would reduce the weight, the optimum
processing would probabiy consist of a cyclic meclecular process followed
by a very small chemical adsorbent unit. Operation of a molecular sieve
unit to reduce the highest allowable sulfur content fuel (4000 wt. ppm)
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down to less than 10 ppm should be possible; however as the operation
conditions are made more severe to achieve this 400 to 1 reduction
factor the yield of purified fuel goes down. A better balance of yield
and weight would probably be obtained by operating the molecular sieve
process to sufficiently remove the sulfur from most feeds, and for

very high sulfur content feeds allow a very small chemical adsorption
unit to remove the small fraction of feed sulfur in the molecular sieve
product. Toward this end of combining the cyclic molecular sieve
process with a chemical adsorbent, a proprietary chemical adsorbent,
that showed initial sulfur capacity in excess of those previously demon~-
strated (2), was tested in this reporting period.

The major effort throughout the program has been directed at
the development of the key cyclic molecular sieve adsorption process. The
first objective of the program was the development of molecular sieves
with good adsorption characteristics for both aromatic and sulfur
compounds. Many different cationic forms of the anionic X and Y type
molecular sieve frameworks were prepared and tested. Several were found
which had partially good adsorption characteristics (1). Therefore,
th-oughout most of the program the adsorption on molecular sieves was
not a problem. The effective and efficient desorption of the adsorbed
impurities has been the problem to overcome.

The desorption of the molecular sieves has been conducted using
two basic methods:

¢ Ammonia displacement
e Hybrid desorption

Ammonia displacement functions by the ammonia being passed over the molecular
sieve and adsorbing on the sieve, replacing the previously adsorbed impurities
which are then swept out of the bed. After this desorption step the impurity
containing feed is reintroduced for the next adsorption step. The impurities
are then adsorbed replacing the ammonia which goes out the exit of the bed
with purified fuel. Esso Research and Engineering Company has considerable
experience, both laboratory and commercial, with this xmmonia displacement
cycle (3,4). This, of course, means that many of the general problems for
this specific application had been solved before this program was initiated.
The ammonia displacement does however have two disadvantages. An inventory
of the recirculated ammonia must be carried with the processing unit and
small amounts of additional ammonia must be added at maintenance intervals to
make up for losses. Secondly, there is always the possibility of detection
of the unit's location if a malfunction releases ammonia.

Hybrid desorption is the new process invented during this program.
It is a carbon dioxide displacement with simultaneous burning. Carbon
dioxide is less strongly adsorbed than ammonia. As a result it will not
replace all of the adsorbed impurities. However, it was found early
in the program that it would desorb most of the impurities (5). By
adding a small amount of air to the desorbing carbon dioxide stream it was
found that the remaining impurities could be burned off quite rapidly. The
rapid 15 to 30 minute times to complete the burning is in contrast to the
several hours time normally required for burning catalysts or molecular

sieves (6). As this was a new process, there have been many problems
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developing it. These problems of an undeveloped process have been the major
disadvar.tage of Hybrid desorption. It has two major advantages however.
Since carbon dioxide 1s a waste product of the fuel cell there is no

need for either a substantial inventory of carbon dioxide or periodic
resupply. Secondly, there is, of course, no danger of exposing the unit's
location if a malfunction releases carbon dioxide.

Prior to this final report period the ammonia desorption method
was tested under many of the conditions to be expected in field units.
All of the tests showed successful operation. The first tests showed
only moderate reduction in impurity adsorption when the sieve was loaded
with ammonia from a previous desorption (Z). Stable cyclic operation
was demonstrated with a natural JP-4 feed containing about 85 ppm sulfur
(5). A synthetic JP-4 feed with the sulfur level increased to 1000 ppm
with the addition of benzothiophene was also run in successful pilot
plant cyclic operation (8). In addition, tests were made of potentially
detrimental conditions that would occur in field units with a small
inventory of recirculated ammonia. The ammonia would become saturated
at ambient temperature and pressure with both water brought in with
the feed and the feed hydrocarbon itself. Water in the ammonia showed
no detrimental effects and feed in the ammonia showed only a moderate
decrease in performance (8).

At the start of this final report period only one basic question
remained about the applicability of the ammonia desorption method. The
question was the operability of the process with all the sulfur type
compounds that might be found in military fuels. Company funded studies
had shown this process to be operable on a wide variety of refinery streams
containing a wide variety sulfur compounds. However, there is one type
sulfur compound that is not present at substantial concentrations in
refinery streams but might be present at high concentrations in some
finished products. This type sulfur compound is the disulfide. Disulfide
compounds are formed from mercaptan sulfur compounds by the now outdated
sweetening processes such as Doctor and Hypochlorite. These processes
were commonly used as a final treating step to reduce the very odoriferous
mercaptan content to specification levels. This, of course, created
products with very high disulfide contents. High disulfide contents would
not be expected in fuels processed in North America or Western Europe where
the sweetening process has been replaced with more modern technology. How-
ever, these disulfide forming sweetening processes are still used in some
less developed parts of the world and fuels processed by them could be pur-
chased for military use. In view of this and the fact that disulfide is the least
stable of the sulfur compounds it was decided to check the operation of the ammonia
desorption with disulfide compounds in the final report period to check
for any possible complication.

Prior to this final report period the new Hybrid desorption
method had shown promise, but many problems had come to light. Although
physically adsorbed carbon dioxide interfered less with impurity adsorption
than did the physically adsorbed ammonia, carbon dioxide chemisorbed on
one of the sieves (Cat2Y) at normal adsorption temperature (700°F). This
drastically reduced the impurity adsorption performance (7). Unfortunately,
chemisorption became a major problem at the 950°F peak temperature required
for Hybrid desorption (5). Two of the best molecular sieves (Cat2X and Sr+2X)
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chemisorbed carbon dioxide, drastically lowering the impurity adsorption
performance (8). In addition to stability in the presence of carbon
dioxide the molecular sieves had to be stable to a combination of carbon
dioxide and the water generated by the burning in Hybrid desorption. This
was also a major problem as both cf the sieves tested lost substantial
impurity adsorption performance (8). Separate from the problems of
molecular sieve stability, standard packed bed geometry and construction
gave problems. The molecular sieve near the wall of a packed bed in an
uninsulated standard wall thickness pipe remained too near the

adsorption temperature when the 950°F burning front went through the

bed. As a result, the sieve near the wall was not effectively desorbed (5).

In this final reporting period, work on Hybrid desorption
was done in three areas. First was testing additional forms of molecular
sieves for stability to carbon dioxide at 950°F and water-carbon dioxide
mixtures. Second was the design, fabrication, and testing of a new
type adiabatic sieve case to circumvent the low sieve temperature near the
wall. And finally, was the testing of this new desorption technique with
feeds of different sulfur contents and types.
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2. Experimental Investigation

The chericzl adsorbent was evaluated in the Dynamic Testing
Unit. It is essentially twelve adsorbent cases in an oven with means for
heating feed streams to the temperature of the adsorbent. Provisions
are, of course, made for pumping the feed through the adsorbent cases
and condensing and collecting the adsorbent effluent. This unit is
more completely described in Appendix 2 of an earlier report (1). The
adsorbent cases were loaded with two different particle sizes of the
proprietary chemical adsorbent. Runs were made at space velocities
typical of expected field use (about 2 w/w/hr) so the flow dynamics would
be realistic. Space velocity is defined as the weight fuel per weight of
adsorbent pasced over the adsorbent per hour @;/y/hr.). The sulfur content
of the feed was increased from an expected 10-50 ppm of a variety of sul-
fur compound types to 400 ppm with benzothiophene. Since benzothiphene
is the most difficult sulfur type to remove with the chemical adsorbent,
this provided a severe test. The increase to 400 ppm sulfur reduced the
time required for the test.

The evaluation of the effectiveness of ammonia displacement
with disulfide compounds was performed in actual cyclic operation using
a pilot unit. This pilot unit was fully described in Appendix A-3
of an earlier report (7). For this evaluation, the suliur concentration
of the standard feed for this study CK 6979 (complete analysis in
Appendix A-2 of an earlier report [7]) was increased to 1000 ppm
with dinormalbutyl disulfide. A CITE fuel from the Far East was also
provided by U.S. Army Mobility Equipment Research and Development
Center, Fort Belvior, Virginia+£or evaluation. The molecular sieve
used in these tests was the Ca "X which gave very good performance
in all previous tests.

In the Hybrid desorption program several sieves (Ba+2Y, Mg+2Y,
Mnt2Y and Sr*t2Y) were tested for tolerance to carbon dioxide-water mixtures
at 700 and 950°F. These sieves were all prepared using the standard
general ion exchange procedure given in Appendix A-l of an earlier report
(Z) using 2.0 normal solutions and two ion exchanges. The testing of
these sieves was done in the Dynamic Testing Unit described in Appendix
2 of an earlier report (1). Each of the sieve forms was exposed to three
different condition sets. The base case was 700°F exposure to carbon
dioxide saturated with water at 80°F for only one hour before the feed
was passed over the bed. This was just long enough to attain equilibrium
carbon dioxide and water loading on the sieve. To test for carbon dioxide-
water interaction degrading the sieve with time, carbon dioxide saturated
with water at 80°F was passed over the sieves at 700°F for 409 hours.
To test for tolerance to the complete environment, each form of sieve
was exposed to the carbon dioxide-water mixture at 700°F for 409 hours
and 950°F for 8 hours. When feed was passed over the sieve beds the
adsorption effluents were collected in cuts and analyzed by ultra violet
absorption for aromatic concentration. Although sulfur removal rather
than aromatic removal was to bc the function of these sieves, any sieve
damage reducing sulfur removal would also reduce aromatic removal. Analysis
for aromatic removal was used to monitor because it is much less expensive.
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To circumvent the problem of the molecular sieve adjacent to
the walls of a conventional sieve case remaining too near the adsorption
temperature when the Hybrid burning wave went through the bed, a special
adiabatic sieve case was designed and fabricated. There were two basic
problems with the conventional sieve case. First the wall of standard
thickness pipe had a very large heat capacity. The enthalpy generated
by the impurity burning in the center of the bed increased the sieve
temperature but the enthalpy generated near the wall had to raise the
temperature of both the sieve and the wall resulting in a much lower
temperature. Secondly the conventional sieve case had no insulation
between the wall and the furnace which was providing an adsorption
temperature environment. As a result the limited temperature increase
which would occur tended to be dissipated to the furnace. In the new
adiabatic sieve case, the wall heat capacity relative to the sieve was
drastically reduced by going to thin wall (0.20 inches) tubing 1.5 inches
in diameter. The heat loss to the furnace was reduced by a 0.28 inch
layer of 20/40 mesh perlite insulation between the outside sieve case
wall and a retaining tube. This entire assembly was mounted in the
electrically heated furnace held at the adsorption temperature. It is
envisioned that such an assembly - complete with insulation - would
be mounted in a fuel-fired furnace of a field unit.

During the pilot plant operation, temperatures were monitored
at the 3, 9, and 15 inch depths of molecular sieve both at the center
of the bed and at the wall. Center temperatures were measured with 1/16-
inch diameter sheathed thermocouples coming in the bottom of the .case.
Wall temperatures of the case were measured with small couples welded on
the outside of the 0.20 inch tubing. Detailed drawings of the adiabatic
case are shown in Appendix 1.

Tests of Hybrid desorption with this adiabatic bed were made in
the cyclic pilot unit previously discussed. In addition to checking the
operability of the process in the new sieve case, performance with several
feeds were tested. A standard JP-4 feed (CK 6978 analysis Appendix A-2
of an earlier report [7]), this feed with benzothiophene added to increase
the sulfur content to 4000 ppm, and a CITE from the Far East (supplied
by U. S. Army Mobility Equipment Research and Development Center) were
all used.

)
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3. Results and Discussion

3.1. Sulfur Removal with a
Chemical Adsorbent

Chemical adsorbents can be used to remove all of the sulfur in
the fuel as done in a previous study (2,9) or as a final cleanup efter the
fuel has been processed with cyclic molecular sieve adsorption. A
company-funded program had uncovered a chemical adsorbent which gave very
high sulfur loadings with some compcands. Additional company work on
the proprietary chemical adsorvent showed that thiophenic type sulfur
was the most difficult to remove. In this program the simulant benzothiophene
was selected because it is believed to be the most difficult sulfur compound
to remove. It is both the highest boiling and the most resonance stabilized
of the sulfur compounds to be expected in JP-4 or CITE fuels. The standard
85 ppm sulfur JP-4 fuel was increased to 400 ppm sulfur for the tests.
Two widely separated temperatures (350 and 500°F) and pressures (0 and
200 psig) were used in four experiments with 1/8 inch diameter pills.
These tests were run using simpler conditions than prior workers who found
it necessary to add either water or hydrogen to the feed to get successful
operation (2,9). The adsorbent containers did not plug with carbon under
these conditions as they did in the earlier study (9), but the sulfur removal
perfornance was not outstanding either (see Appendix 2)., However, the
similarity of the performance under the very different conditions was
striking. The experiments run at O psig pressure had all vapor in the
space surrounding the chemical adsorbent particles while the experiments
at 200 psig had mixed liquid and vapor in this space. This combined
with the small performance differcnce using 350 and 500°F temperatures
strongly suggests that the performance limiting step was sulfur compound
diffusion through liquid condensed in the pores of the chemical adsorbent.
If diffusion in pores was the limiting step, reduction in chemical adsorbent
particle size should improve sulfur removal performance. Test with the
chemical adsorbent partical size reduced to 10 to 20 mesh did give the
improved performance shown below in Figure 1.
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Figure 1
Sulfur Removal With Esso Chemical Adsorbent
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Integration of the performance obtained shows & sulfur loading on
the adsorbent of about 1 weight percent when the sulfur level in the product
reaches 5 percent of the feed sulfur level. This sulfur loading can be
compared with a 1.3 weight percent sulfur obtained in a previous study (9).
However the previous study used the more favorable but additionally compli-
caied technique of including 3.5 moles of water for every mole of carbon
in the fuel passed over the chem cal adsorbent. Furthermore, in the pre-
vious study only 43 percent of the sulfur was thiophenic rather than the
79 percent used in this study, and thiophene rather than the more difficult
to remove benzothiophene was used in the previous study. Thus, the pro-
prietary chemical adsorbent requires no water addition to function. Its
performance on more difficult to remove sulfur compounds was somewhat
lower than the performance of the earlier study. On a comparable feed, the
proprietary adsorbent might give close to previous performance (9) but
without the need for water addition.
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The proprietary chemical adsorbent operating with water in the
feed, as in the earlier study (2), might substantially improve the performance.,
As has been mentioned, the proprietary chemical adsorbent appears to be limited
by diffusion through liquid condensed in the adsorbent pores. Including
3.5 moles of water per mole of carbon in the feed would substantially
reduce the feed partial pressure and therefore the quantity of condensation in
the adsorbent pores. However, it is doubtful that the improvement could
reach the 2.5 weight percent sulfur on the adsorbent achieved in the
previous study (2) by the further complication of hydrogen recycle in
addition to the water inclusion.

3.2. Disulfide Type Sulfur Removal Using
Molecular Sieves with Ammonia Desorption

In view of the lower chemical stability of disulfides compared
to other sulfur compounds, disulfides were tested in the cyclic molecular
sieve process using ammonia for desorption to determine if there were any
problems. Dinormal butyl disulfide was selected as the model compound
and the sulfur level of the standard 85 ppm JP~4 feed (CK 6979) was increased
to 1000 ppm with this disulfide. The performance was evaluated in cyclic
operation using the type molecular sieve (Ca+2X) and the conditions used success-
fully with other feeds (5,8). The sulfur levels in the adsorption effluent
were satisfactory, averaging about 25 ppm at about 0.35 w/w adsorption
effluent processed per cycle (see Appendix 3). However, under stable
cyclic operation where no sulfur compound breakdown or permieat and
fouling accumulation on the sieve occurs, the combined sulfur content in
all the leaving liquid streams must equal the sulfur content of the en-
tering feed. In this operation the combined sulfur centent of leaving
streams was an ominous 10 percent of that brought into the unit with the
feed. Although mass spectrometry was not able to detect either hydrogen
sulfide or mercaptans in the gases leaving the unit, odor indicated that
there were some sulfur compounds in these gases. It was feared that
sulfur compounds might be building up on the molecular sieves lowering
the adsorption performance. After 528 cycles the sievate sulfur content
vs. quantity was measured and compared with that at the start of the
disulfide operation. Figure 2 below shows that the sulfur level at the
start of an adsorption had increased compared to the start of the operation
and that something had changed the characteristics of the molecular sieve.
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Figure 2

Operation With Disulfides
Changes Sieve Performance
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It was decided to lower the operating temperature from 700
to 500°F to see if the disulfide decomposition rate could be lowered thereby
reducing the accumulation of unwanted sulfur compounds on the molecular
sieve. The disulfide decomposition rate was lowered as indicated by
the recovery of the feed sulfur in the liquid products increasing from
10 to 40 percent. However, the sulfur contents of the sievate product
increased from 25 to over 150 ppm as shown below in Figure 3. (More

detail in Appendix 3)

of
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Figure 3

Lower Temperature Yields
Higher Sulfur Contents
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Whether the increase in product sulfur concentration was caused
by a reduction in the disulfide decomposition rate or the onset of adsorption
rate limitation was academic. Lower temperatures were not the method to obtain
satisfactory operation.

A very high disulfide content (2100 ppm) fuel was then used with
a new batch of molecular sieve with checked performance, in cyclic ammonia
desorption operation. This high disulfide CITE fuel, cbtained in the
Far East, and supplied for this program by U.S. Army Mobility Equipment
Research and Development Center, gave disastrous performance. (See Appendix
4 condition 8 through 15.) The sievate product, in contrast to completely
clear sievates previously obtained in this and company studies, was bright
yellow. The vapor space over the sievate ard desorbed products was an
even more intense yellow; additionally white and yellow nrystals formed
on container walls in the vapor space. The odor of hydrogen sulfide
from the products overwhelmed the ammonia odor. The sievate products
were high in sulfur content (40 to 130 ppm) and even contained elemental
sulfur. Completing the disastrous performance was a decline in total
hydrocarbon adsorption capacity from .065 to .044 w/w/cycle in only 7
cycles of operation. This indicated a blocking of adsorption sites on the sieve.
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The source of these problems is nearly certainly the decomposition
of some of the less stable disulfide compounds at the adsorption temperature,
where the sieve may have a catalytic action, to form elemental sulfur and
hydrogen sulfide. The high concentration of hydrogen sulfide formed can
react with the ammonia to form the solids ammonium hydrosulfide [ (NH4)HS, white]
and ammonium monosulfide [(NH,);S, yellow]. These compounds explain the
crystals ia the products. It is probable that these or related compounds
condensing on the highly polar surface of the sieves caused the adsorption
performance decline.

Thus, the ammonia desorption method is not suitable for processing
fuels with high disulfide concentration. Additional processing would be
required to remove the disulfides before the other sulfur compounds could
be successfully removed by a cyclic molecular sieve process using ammonia
for desorption.

3.3. Hybrid Desorption

There was no sieve stable under Hybrid desorption conditions -
carbon dioxide and water exposure at elevated temperature - at the
start of this report period. However, mechanisms were hypothesized for
the observed sieve degradations which suggested routes to circumvent the problems.
Degradation of X-type sieve with time had been found on exposure to
carbon dioxide and water at 700°F. The mechanism proposed for this
degradation is as follows. The adsorbed carbon dioxide and water can
combine making carbonic acid. This acid is, of course, partially
ionized so there are H' ions in the adsorbed fluid. These H' ions car.
replace some of the cations on the sieve making the H' form of X-type
sieve which is unstable (10). The crystalline lattice of this unstable sieve
collapses to an ammorphous mass with nearly no adsorption capacity.
Although HT ions, leading to the collapse, would be present in very
small concentration at any time, the continual resupply of carbon dioxide
and water to form more H ions could, with time, produce the total destruction
of the sieve. 1If this hygothesis is correct using Y-type molecular sieves
which are stable in the H form (10) should eliminate the crystal destruction
solving this problem.

The other problem of molecular sieve stability was the chemi-
sorption of carbon dioxide at elevated temperature drastically lowering
the impurity adsorption. An example of carbon dioxide chemisorption
at ambient temperature on one particular sieve was found in the open
literature (l1). Examination of the infrared adsorption of the chemisorbed
species indicated that it was similar to a carbonate structure. The
fact that only one of the several sieves tested chemisorbed the carbon
dioxide lead the authors(ll) to hypothesize a geometric mechanism as
follows. Since the carbon dioxide would first physically adsorb on
the cations, only a cation of the proper radius would allow proper
alignment of the adsorbed carbon dioxide and oxygen in the molecular
sieve framework for the chemisorption to occur. In this study some
cationic forms of sieves which were carbon dioxide stable at ambient
temperature were found to chemisorb at 700°F (7). Still other forms
of sieve stable at 700°F chemisorbed at 950°F (8). The interpretation
of these results were the range of cation radius allowing proper
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alignment for chemisorption broadened as increasing temperature increased
the vibrational amplitude of all the ions and atoms In the molecular seive
crystals. Thus we postulate that a sieve resistant to chemisorption might
be found by studying a wide range cation radii, as some could be outside
the range allowing chemisorption. Based on range of ionic radius and
reduction potentials required to prevent cation reduction to the metal

on hydrocarbon contact found earlier in this study (1), the cations listed
below in Table 1 were selected for study.

Table 1

Cations Selected for Stability to CO, Tests

Cation Ionic Radius A
Mg 0.66
Mn 0.80
+2
Sr+2 1.12
Ba 1.34

These cations were used on the Y-type molecular sieve framework to
circumvent the carbon dioxide-water degradation.

Conditions were chosen to test the sieves selected so that
positive results would indicate a probable useful life of 1000 hours.
Tests for the carbon dioxide-water effect on degradation were run with
carbon dioxide saturated with water at 80°F passing over the sieve at
700°F. The lower 700°F adsorption temperature, rather than the 950°F
peak desorption temperature, was selected for this test because it would
maximize the quantity of adsorbed water which should maximize degradation.
This test was arbitrarily terminated after 409 hours. Tests for carbon
dioxide chemisorption at 950° F were run a much shorter 8 hours, since
the sieve spends a very small fraction of the total time at 950°F. Water
was included with the carbon dioxide in these higher temperature tests on
the chance that it might be detrimental. Negative results were obtained
with three gf the sieves tested (see Appendix 5). However, the largest
cation (Ba+ ) on the Y sieve gave very good results (see Figure 4).
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Figure 4

Hybrid Desorption Conditions Do Not
Damage Ba+2 Y Sieve
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The adsorption performance after the exposure to the potentially
damaging conditions for a total of 417 hours is within experimental
error of that for the base case sieve. This indicates that the Ba'ty
sieve would be expected to have a useful life under Hybrid desorption
conditons of at least 1000 hours.

In addition to finding a molecular sieve stable to Hybrid
desorption conditions, it was necessary to devise a sieve case which
would allow all of the sieve to reach 950°F when the temperature wave
moves through the sieve bed. As will be recalled, the heat capacity
of the thick walls of a standard sieve case and heat losses to the
surroundings prevented the sieve adjacent to the walls from increasing
to the required temperature (see Figure A-5 of an earlier report [5]).
The new thin wall adiabatic sieve case (see Appendix 1) was used to
evaluate the stable Bat2Y sieve in actual operation. The first Hybrid
desorption was performed with 1.475 weight percent oxygen in the
carbon dioxide. The heat retention in the bed was better than expected

roducing wall temperature rises between 215 and 400°F above the 700°F
ase temperature. These compare with a 30°F rise using a standard sieve
case, The temperature rise in the center of the bed however was 370 to
600°F - too much. The sieve reached a 1380°F maximum temperature for

a short time, which is high enough to cause sieve thermal decomposition
on prolonged exposure. Some small damage was apparently done to the
sieve, as after intervening runs with lower oxygen content, returning to
1.475 weight percent oxygen produced center temperature rises of only
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300 to 450°F (see Appendix 6). This indicates that the adsorption per-
formance of the sieve was somewhat damaged by the high temperature of
the first desorption, and that slightly better performance would have
been obtained throughout the program ir the maximum temperature had been
held to say 1200°F.

The first few hybrid desorptions were followed by burns where
the entire sieve case was elevated to 950°F by an external heater. This
technique was found earlier in this study (2) to assure the sieve was
returned to a standard condition before a subsequeat experinment. Eliminating
this step of externally heating the sieve allowed the e:aluation of the
completeness of Hybrid desorption using different oxygen contents in the
carbon dioxide. Lower oxygen concentrations, of course, produce lower
peak temperatures passing through the bed which are less likely to give
complete desorption. As seen below in Figure 5, 1.0 percent oxygen was
not high enough to return the sieve to the standard condition; however,
1.2 percent oxygen did return the sieve to base level of performance.

Figure 5

Hybrid Desorption Performance With
Different Oxygen Concentrations
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To move beyond what might be a borderline operability situation the
oxygen concentration was increased from 1.2 to 1.475 percent. No
adsorption performance decline was shown after five hybrid desorptions
without the step artifically increasing the temperature. This is
shown in Figure 6 below.

Figure 6
Stable Cyclic Operation with Hybrid Desorption
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The good sulfur removal from the standard 85 ppm sulfur feed after
the cyclic operation is shown in Figure 7.

&
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Figure 7

Sulfur Removal with Hybrid
Desorption in Cyclic Operation
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Next the CITE fuel with the very high disulfide content, (2,100 ppm)
which proved to be the nemesis of the ammonia desorption method was tried
with hybrid desorption. The very good sulfur removal down to 500 ppm
sulfur with this 2,800 ppm total sulfur feed was obtained on the first
cycle. (See Appendix 9 for Sulfur Analytical methods) Somewhat poorer
sulfur removal was obtained after a hybrid desorption with a wall tempera-
ture rise in one area to only 895°F. (See Appendix 6) This indicates
slightly higher oxygen contents will be required for best performance with
this fuel. See Figure 8.
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Figure 8

Sulfur Removal From a
High Disulfide Content CITE
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Finally, Hybrid desorption was used with a feed increased to
maximum allowable 4000 ppm sulfur content with benzothiophene. The excellent
adsorption performance down to 20 ppm sulfur both initially and after a

hybrid desorption are shown in Figure 9.
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Figure 9

Sulfur Removal From 4000 ppm Sulfur Fuel
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The performance characteristics of Hybrid desorption as used
in all the proceeding examples suggest different conditions should lead
to substantial improvements. For example each deviation above 700°F
adsorption temperature decreased and deviation below 700°F increased the
adsorption of aromatic and sulfur compounds (see Appendix 6). In addi-
tion to this indication that lower adsorption temperature would improve
performance, several other areas should benefit from lower adsorption
temperature rises in Hybrid desorption before reaching a temperature
which might damage the sieve. This would allow Hybrid desorption with
higher oxygen contents which would cohplete the desorption in less time.
Additionally the sieve has some catalytic activity after a Hybrid desorp
tion which can have negative effects. For example, the higher sulfur
contents of the first sievate collected vs. the sulfur content after 0.2
w/w of sievate had been collected (Figure 7, 8, 9) 1is probably caused by
the initial catalytic activity. Initially, the sieve probably breaks
down the least stable sulfur compounds to either low molecular weight
sulfur compounds or hydrogen sulfide, both of which are poorly adsorbed
by the sieve and go out of the bed with the sievate prod.ct. The catalytic
activity of the sieve stops after about 0.2 w/w of feed is passed over it
as the most active sites would be expected to be covered with a carbonaceous
deposit. Fortunately the initial catalytic activity generates sulfur com-
pounds which are picked up at higher capacity by chemical adsorbents than
typical feed sulfur compounds. However, these generated sulfur compounds
to constitute an additional load for the chemical adsorbent which it
would be desirable to minimize. Lower adsorption temperatures would
minimize the reaction rate of the less stable sulfur compound minimizing
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initial sulfur contents and the load on the chemical adsorbent. Additionally,
a lower adsorption temperature would lower the formation rate of the
carbonaceous deposit. Since the carbonaceous deposit formed from a less
stable fuel can be difficult to burn, minimizing the deposit should be

helpful in establishing one set of not too severe hybrid desorption con-
ditions for all fuels. Finally, it will be recalled that the temperature

had been more moderate, say 1200°F, it is probable that all of the results

of this program would have been somewhat better than measured.

Although the Hybrid desorption cyclic molecular sieve process
is not optimized, a preliminary unit design was made based on the demonstrated
conditions and performance. The requirements for the design were the
purification of military fuel of maximum sulfur content (4000 ppm) for
1000 hours with less than 2 ppm of sulfur in the product. A flow diagram
of this unit is shown in Appendix 7. It is considerably less complex than
the flow diagram for ammonia desorption shown in an earlier report (8).
The process basis used with the Hybrid desorption tiow diagram for
performance projections is given in Appendix 8. The yield of purified
fuel would be about 92 weight percent. During the Hybrid desorption
about 2.3 weight percent of the feed is burned in the beds. An additional
5.4 weight percent is desorbed. This desorbed fuel is somewhat more than
would be needed to maintain temperature in a well insulated fuel purification
unit and some of it could be used in the reforming unit. The projected
weight for the fuel purification unit for a 3.75 KW reformer-fuel cell
is below 40 pounds or about 10 pounds per kilowatt. This 10 1b/kw 1is
substantially below the 330 1b/kw required to do the same purification
using only the previously demonstrated (2) chemical adsorbent.

2
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4. Conclusions and Recommendations

The difficulty of purifying military fuels, such as JP~4
for use 1in fuel cells varies widely with what must be removed. The
removal of naphthene, aromatic, and sulfur compounds for direct
hydrocarbon fuel cells sensitive to all three is quite difficult.
The necessary yield debit for this removal is about 60 to 75 percent.
Furthermore, the removal of naphthenes requires the use of an additional
dehydrogenation process. As most of the yield debit and the additional
process is required for napthene removal, this increases the incentive
to make any future fuel cell systems naphthene tolerant.

Aromatic and sulfur compounds can be removed with cyclic
adsorption on molecular sieves. The removal of only sulfur compounds
with molecular sieves 18 a less severe requirement and can be
accomplished with a higher yield of purified fuel. Sulfur«only
removal can also be done with a disposable chemical adsorbent as demonstrated
in an earlier study (2). However, the preferred processing is the
removal of most of the sulfur compound with a cyclic molecular sieve process
followed by a final sulfur removal with a chemical adsorbent.

The Esso proprietary chemical adsorbent for sulfur used in this study
functioned without the complicating presence of either water or hydrogen which
were required in a previous study (2). The weight of sulfur adsorbed on
this proprietary chemical adsorbent was about 1.0 weight percent or
about the same as cbtained in the previous study where water alone was
added to the feed. However, it 1is doubtful that the Esso chemical
adsorbent could reach the 2.5 weight percent sulfur adsorbed in the
previous study with both water and hydrogen present with any step short
of the addition of these two streams. Unless the simplification of
eliminating these two steams takes on additional importance for some
specific application it is recommended that the adsorbent demonstrated
in the earlier study (2) be used for the final cleanup step.

Cyclic processing with molecular sieves uses two basic steps.
They are adsorption of impurities on the molecular sieve and desorption
of the impurities, readying the sieve for the next adsorption step.
The adsorption of aromatic and sulfur impurities proved not to be a
problem as many sieves were found early in the program to have good
adsorption characteristics. The desorption of the impurities has
been the area that required most of the effort. Three basic methods
were used for desorbing the molecular sieve.

e Ammonia displacement
e Carbon dioxide displacement

o Hybrid desorption
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The ammonia displacement method functioned very well under a wide
variety of operating requirements. However, it does not function with
feeds of very high disulfide content. The disulfides decomposed
yielding hydrogen sulfide which in turn formed ammonium sulfide type
compounds on the sieve unacceptably lowering the adsorption performance.
Military fuels can contain high concentration of disulfides. The only
way these fuels could be successfully purified using ammonia displacement
is by first removing the disulfide compound in separate processing.
Although processing removing the disulfides using catalytic conversion
at low or perhaps no hydrogen pressure could probably be developed,

it is not recommended that this more complicated processing be
developed.

Desorption by carbon dioxide displacement was found ineffective.
The carbon dioxide could not remove all of the adsorbed impurities.
Further pursuit of simple carbon dioxide displacement is not recommended.

The recommended Hybrid desorption is an outgrowth of carbon
dioxide displacement. Hybrid desorption is a simultaneous carbon dioxide
displacement and burning with oxygen from air. Although there was
considerable difficulty in finding a sieve stable in the carbon dioxide-water
environment required, one has been found - Bat4Y. This molecular sieve showed no
measurable decline in adsorption performance after 417 hours exposure
to the environment. It is expected that this sieve will give good
performance for at least 1000 hours operation.

Successful operation of Hybrid desorption has been demonstrated
in a thin wall, adiabatic sieve case with 700°F temperatures for the
environment, the inlet fuel, and the inlet carbon dioxide-air mixture.

The same temperature for the environment and these streams was required
to make the process sufficiently simple. The process has been demonstrated
with fuels containing up to the maximum allowed 4000 ppm sulfur content.

A unit Jesign was made for removal of 4000 ppm sulfur for 1000
hours using Hybrid desorption followed by a chemical adsorbent to remove
the small quantity of sulfur in the molecular sieve product. The yield
of purified fuel from this process was a very good 92 weight percent.
The material desorbed from the sieve including the impurities is about
5.4 weight percent of the fuel feed to the unit. This is more than
sufficient to maintain the temperature of a well insulated unit. The
projected weight of the unit is about 10 pounds per kilowatt; a
substantial advantage versus the 330 pounds per kilowatt required for the
same purification using the previously developed (2) chemical adsorbent
alone. The hybrid desorption followed by the small quantity of chemical
adsorbent is the purification process recommended particularly where
the fuels may have high sulfur contents and where it is desirable to
lengthen the time between fuel purifier shutdowns.

As Hybrid desorption performance is believed to be substantially
non-optimized, it is recommended that further pilot unit type studies aimed
at a closer approach to optimum be undertaken before prototype units
are built.
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Appendix 1
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Appendix 2

Chemical Adsorbent Performance
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Appendix 2 (Con't)

Chemical Adsorbent Performance
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Appendix 5

Sieve Stability Under Hybrid
Desorption Conditions

I I | I i 1 | | T |
o €0, - H,0 Exposure 1 hr. at 700°F (Base Case)
A co, - H,0 Exposure 409 hrs. at 700°F
| co, - H,0 Exposure 409 hrs at 700°F and 8 hrs. at 950°F
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APPENDIX 8

HYBRID DESORPTION PROCESS BASIS

The following process basis was derived from the data for
processing the maximum allowable 4000 ppm sulfur fuel for 1000 hours.
These conditions and performance are believed to systematically
away from optimum, however this basis represents demonstrated operation.
It was used in projecting the performance and weight of a field unit.

Sieve Bed

Ba+2Y (2N, 2, 0, L) sieve to be used

1.5 inch diameter,0.20 inch wall tubing sieve case

0.28 inch perlite insulation outside tuhing

18 inches minimum bed length

Environment temperature equal to inlet gas temperatures

Adsorption Step

JOO°F inlet vapor temperature

0 psig outlet pressure

20 minute step time

0.650 w/w/cycle feed to bed

0.600 w/w/cycle sievate out of bed

Hybrid Desorption Step

700°F inlet gas temperature

0 psig outlet pressure

10 w/w/hr CO2 rate into bed

1.475 wt. % oxygen content from air in inlet stream
20 minute step time

0.015 w/w/cycle of adsorbed material burned in bed
0.035 w/w/cycle desorbed from bed

The above process basis was used to size a purifier for 3.75 kw
reformer-fuel cell requiring 1.745 1lb/hr of purified fuel. The purifier

resulting had 0.97 1b. of sieve in each of the two required sieve beds.
Molecular sieve cost is typically 1 to 2 dollars a pound. Assuming the

sievate sulfur content is the maximum 50 ppm observed with one fuel in
this study, 8.75 1lb of Esso chemical adsorbent would be required for
1000 hours operation. This adsorbent would be expected to cost about 3
dollars a pound. If the final clean up of the sievate was done in the
reformer the chemical adsorbent weight could be reduced. In the reformer
the added complications of inclusion of water and hydrogen with the
sievate is more readily accomplished. With these two streams added and
using a previously demonstrated chemical adsorbent (2), the required
chemical adsorbent drops from 8.75 to 3.53 pounds.
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APPENDIX 9

SULFUR ANALYSIS

A. High Sulfur Content

Analysis of samples which were high in sulfur (greater than
1000 ppm) were dore with the conventional Lamp method - ASTMD 1266.
The samples which had these high sulfur contents were usually a feed
to the purification process or on initial desorbate to be recycled
to the process feed.

B. Low Sulfur Content

Analysis of samples with low sulfur content (less than 1000 ppm)
were done by a microcoutrometry method. The products of the purification
process, which were typically below 50 ppm, were analyzed by this method.
The determination of sulfur by microcoutrometry as it has been evolved
by the Analytical Research Division of Esso Research and Engineering
Company is given below. This method was designated 60.23 T in November
of 1968 by the Analytical Research Division.

Determination of Sulfur by Microcoulometry

Introduction

The method discussed here is a rapid and precise method for deter-
mining sulfur in middle distillate fuel oils, solvents, alcohol, lubricating
oil base stocks and other hydrocarbons free of metallo-organic compounds.
This is a microcoulometric method based on Faraday's Law of Coulometry.

It makes use of the Dohrman microcoulometric system apparatus and the
combustion tube designed by Drushel and Ellerbe.

Scope

This method is applicable to sulfur ievels below 1 ppm to 20%.
However, the presence of chlorine and nitrogen in concentrations in excess
of 1% and 0.1% respectively may cause interference by liberating iodine from
the potassium iodide in the electrolyte by the action of the oxide§ of nitro-
gen and chlorine. This can be overcome by the addition of a few milligrams
of sodium azide to the electrolyte. It can be used to analyze middie dis-
tillate fuel oils, solvents, alcohol, lubricating oil base stocks, and
other hydrocarbons free of metallo-organic compounds.
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Summary of Method

The sample is diluted with a suitable solvent and a microliter of
this is burned in a combustion furnace with oxygen, using helium or argon
as a carrier gas. The products of combustion (which include sulfur dioxide i
when sulfur is present in the samples) are swept into a microcoulometric cell
containing an electrolyte and a monitored_quantity of iodine. The
sulfur dioxide reacts with the titrant (I3) according to the equation: g

— - |

13 + SO2 + HZO —> SO3 + 3T + 2H

v
As the titrant ion is being consumed, the sensor/reference electrode pair y
1
{

detects this change and sends a signal to the amplifier which in turn sends
the voltage back to the generator electrode pair to regenerate the consumed
titrant in the cell. The reaction at the generator anode is:

I — 1; + 2

The current flow (measured in microcoulombs) required to regenerate the
titrant Ij is recorded as a peak on a strip chart, the area of which is
proportional to the sulfur content of the sample.

Precision
(From a preliminary cooperative program)

Repeatability: Duplicate results obtained by the same operator
should be considered suspect if they differ by more than .03 at the 0.4% level.

Reproducibility: Duplicate results obtained by operators in different
laboratories should be considered suspect if they differ by more than .08
at the 0.4% level.

Apparatus

The Dohrmann Recording Microcoulometric titrating system includes
items (1) through (10) and can be purchased from Dohrmann Instruments, Co.,
Analytical Instruments Division, 1062 Linda Vista Ave., Mountain View,
California 94040.

(1) Model #C-200-AR Microcoulometer, with magnetic stirrer,
power cable, recorder cable and duplex cabinet to accommodate R-100/R-200

recorder.

(2) S-200 Pyrolysis Furnace with power cord, titration cell
shelf, § 12/5 pyrex socket.

(3) Model No. R-100-1 Recorder; potentiometric recorder,
0.1 nv/in., 0.5 sec. pen speed, 500K ohms impedance; with power cable and
cabinet. A Disc Integrator Model 242~5 should be installed for correct
interpretation of coulometric data.
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(4) T-300-P Titration Cell

(5) Adapter Tube, Part No. 523733; adapts the § 18/9 ball joint
to § 12/5.

(6) Clamp, Thomas #12; clamps the combustion tube to the titration

cell.

(7) Clamp, Thomas #18; clamps the scrubber tube to the combustion

tube.

(8) Flowmeter, Part No. 523420

(9) Flowmeter, Part No. 523430

(10) Coulometer/Recorder Analyzer

- ]

(11) Syringe - 10 A1 capacity, available from Precision Sampling
Company, P.0O. Box 15119, Baton Rouge, Louisiana 70815. (The manufacturer
cited here is highly recommended; a high quality syringe is needed.)

(12) Combustion Tube - Figure !, dimensions of the inlet surface
may have to be altered in accordance with the design of the block heater.

Reagent

(1) Electrolyte - Dissolve 0.5 g, potassium iodide and 0.4 ml,
of glacial acetic acid in 1000 ml, of distilled water. Store in a brown
bottle or in a dark place.

(2) Reactant Gas - Oxygen

(3) Carrier Gas - Either helium or argon. Although nitrogen gas
can be used as a carrier, it must be tested for sulfur contamination.

NOTE 1: The baseline should not be more than 1 or 2% of the full scale
(0.01 to 0.02 mv) above the true zero at a RANGE OHMS setting of 010.

(4) Solvent for Sample Dilution - Isooctane, toluene or any
suitable solvent that is relatively free of sulfur. The solvent should be
run as a blank when standards containing only a few ppm. of sulfur are used
for calibration.

(5) Organic Sulfur Standard - An organic sulfur compcund that
has had its sulfur content established by a reliable sulfur method. Phenyl
sulfide is satisfactory as a sulfur standard.

(6) High Sulfur Standard Solution - Accurately weigh into a
100 ml. volumetric flask the required quantity of the standard sulfur compound
to give a concentration of about 130-150 Mg sulfur/ml. Dilute to the mark with
the solvent described as Reagent (4).

(7) Iodine, resublimed, Fisher Scientific Co.; I-37 is satisfactory.




